We report on a flow sensing approach based on deflection monitoring of micro beams buckled by the compressive thermal stress due to electrothermal Joule's heating. 
consumption, high sensitivity 5 and resolution 6, 7 , and integrability with electronic circuitry.
The most common free shear flow sensors are based on the temperature dependent electrical resistance of overheated thin films or wires 4, 8 , suspended or attached to a substrate. Despite a significant research effort devoted to miniaturization of flow measurement devices 7, 9 , many challenges still have to be addressed. Flow micro sensors in wall-bounded flows, following either mechanical (e.g. floating element 10 ) or thermal (e.g. heat transfer [11] [12] [13] ) measurement principles 7, 9 , are typically distinguished by intricate design and complex fabrication process.
In this work we introduce a flow measurement approach based on the static deflection of the double-clamped micro beam buckled by a compressive stress, which is originated 
II. MODEL
We assume that the deflections w(x) of the slender Euler-Bernoulli beam, while comparable with its thickness, are small with respect to the length of the beam and satisfy to the equilibrium equation
Here ( ) = d/dx, E and α are Young's modulus (in the 110 direction) and coefficient of the thermal expansion of Si, respectively; A = bd and I yy = db 3 /12 are, respectively, the area and the second moment of area of the uniform cross section and θ = 1 0
is the averaged temperature excess above the ambient. While single crystal Si beams may manifest small residual stress 14 , we assume the beam to be initially stress-free. In accordance with Eq. (1) the axial force consists of the compressive thermal force as well as the nonlinear tensile stretching force, arising due to the axial constrain. By using the solution of Eq. (1) 22 the mid-point deflection of the beam in the postbuckling state can be obtained
where r = I yy /A and E = 4π 2 r 2 /L 2 = N E /EA is the axial strain corresponding to the critical Euler buckling force N E .
The temperature excess θ(x) = T (x) − T ∞ is calculated using the one-dimensional heat transfer equation
where h is the convection heat transfer coefficient, κ is the thermal conductivity, P = 2(b+d) is the beam cross-section perimeter responsible for natural convection (or b + 2d in the case of forced convection), and the last term is the Joule's heating source (J = I/A and ρ e are the current density and electrical resistivity respectively). The radiation and the heat conduction to the substrate through the air gap are neglected 23, 24 . We also assume that at the clamped ends (the anchors) of the beam θ(0) = θ(L) = 0. All the material properties E, α, κ, ρ e appearing in Eqs. (1) and (3) are assumed to be temperature-independent and are shown in 
The dependence of h on the flow velocity u results in the coupling between u and the deflection of the beam through the thermal stress.
We focus on two different scenarios -forced convection due to a flow along the beam and natural convection at zero air velocity. 
III. RESULTS
First we investigated the feasibility of the sensing principle using the model. Critical temperature (which is the temperature in which the beam buckles) was chosen to be the "working point" and used in order to set the material properties. Since the resistivity ρ e is tempera-ture and strain dependent 29 , it was estimated by directly measuring the resistance R for each beam at the working point (see Table I ) and then using the expression ρ e = R A/L. Because the critical temperature and the material properties are interrelated (Eq. (2) and (4)) eq. (4) was solved iteratively until convergence providing the working point values of the material properties. Thermal conductivity-temperature and thermal expansion-temperature empirical correlations obtained from literature 23, 28 were used. Finally, the midpoint deflection w m of the beam was obtained using Eq. (2).
Results of calculations, performed for the nominal geometry of the beam, are shown in Fig. 2 (top) . At a certain critical current I cr the beam buckles and the deflection sharply changes from zero (pre-buckling) to a post-buckling value. Due to the cooling by the forced convection higher current is required to reach the critical value of the temperature and of the stress. Consequently, I cr increases with the flow velocity. Further increase of the current above I cr is accompanied by the increase of the deflection. As expected the deflection of the buckled beam at a constant voltage/current decreases as the flow velocity increases (see inserts in Fig. (2) ).
The beams of various configurations were mounted on a wafer prober (Karl Suss PSM-6
with FS-70 Mitutoyo microscope) and tested in ambient air conditions. Note that while large number of beams of differing geometries (cross-section, length, aspect ratio) were operated, here, for the sake of brevity, we present the results of only one. All beams behave similarly in terms of their response to different flow velocities in our test rig.
For the buckling experiments, the AC current is supplied by a signal generator (TGA1241, Aim-TTi, England) that generated a triangular wave with time period of 60 seconds and peak-to-peak voltage of 10 Volts. For post-buckling mode of operation, the DC voltage of 4.47 Volts was supplied (EX752M , Aim-TTi, England) and the current was registered by a multi-meter (M-3890D, METEX, Korea) connected in series with the beam. Beam deflection was recorded using a CCD camera (UI-2250SE-M-GL, iDS GmbH) equipped with a ×50 lens. The video was post-processed with custom-made image processing code using common methods. Dry air was supplied through a pressure regulator/gauge and filters using a long straight needle (inner diameter 1 mm, length 150 mm). The pressure-controlled flow produced by a custom built miniature blower was calibrated using particle imaging velocimetry (PIV).
In Fig. 2 (bottom) we show the results of the buckling experiment namely the measured The experimental results show clearly the behavior predicted by the model and the expected response of the deflection to the flow velocity (Fig. (2) ). The results corresponding to different beams are very similar qualitatively and differ quantitatively due to fabricationrelated uncertainty in device's parameters as well as due to a long list of parameters and effects that were neglected or simplified in the model (Sec. II).
In we get scale factors of 0.41 and 1.5 µm/(m/s) for shorter and longer beams, respectively.
IV. CONCLUSIONS
In this work, the novel measurement concept for the MEMS-based double-clamped beam flow sensor is proposed, designed, analyzed and tested. We introduce a sensing method, 
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